The purpose of this study was to determine whether bone density in older men was associated with serum sex steroids or sex hormone binding globulin (SHBG). Bone density and sex steroids were measured in men over age 65 at 6-mo intervals for an average of 2.1 yr. Bone density was significantly positively associated with greater serum E2 concentrations ( ϩ 0.21 Ͻ r Ͻ ϩ 0.35; 0.01 Ͻ P Ͻ 0.05) at all skeletal sites. There were weak negative correlations between serum testosterone and bone density ( Ϫ 0.20 Ͻ r Ͻ Ϫ 0.28; 0.03 Ͻ P Ͻ 0.10) at the spine and hip. SHBG was negatively associated only with bone density in the greater trochanter ( r ϭ Ϫ 0.26, P Ͻ 0.05). Greater body weight was associated with lower serum testosterone and SHBG, and greater E2. Because of these associations, regression models which adjusted for age, body weight, and serum sex steroids were constructed; these accounted for 10-30% of the variability in bone density, and showed consistent, significant positive associations between bone density and serum E2 concentrations in men, even after adjustments for weight and SHBG. These data suggest that estrogens may play an important role in the development or maintenance of the male skeleton, much as is the case for the female skeleton. These data also indicate that, within the normal range, lower serum testosterone concentrations are not associated with low bone density in men. ( J. Clin. Invest. 1997. 100:1755-1759.) Key words: bone density • estrogens • testosterone • sex hormone binding globulin • men
Introduction
Osteoporosis is common in older men. Although often not recognized because of their shorter life spans and greater peak bone mass, men have about half the age-specific risk of experiencing osteoporotic fractures as do women (1) (2) (3) (4) (5) . There is some evidence that this gap may be closing, as fracture rates in men in some areas of the United States and Europe continue to increase while those for women appear to have stabilized (2, 3) . Because the focus of osteoporosis research has been on women, much less is known regarding those factors that may influence bone mass or loss in older men (1) . Despite the relative lack of large prospective studies of osteoporotic fractures in men, low bone mass (4), risk factors for falls (6) , and other factors believed to be associated with fractures in women appear to be similarly associated in men.
Many factors which influence bone mass in men appear to be similar to those which determine bone mass in women. Genetic influences on bone mass appear to be similar in men and women (7, 8) . As with women, physical activity and greater strength are also associated with greater bone mass in men (9) . Recent prospective studies have identified cigarette smoking and immoderate alcohol consumption as factors which contribute to bone loss from the radius in older men (10) , but factors influencing bone loss at other sites have not been well studied, primarily because bone loss in men proceeds more slowly than in women, and the precision of methods for assessing these slower rates of loss requires long periods of follow-up to obtain stable estimates of rates of loss.
The importance of sex steroids in the development and maintenance of the skeleton in women is unquestioned. In particular, estrogen deficiency at any age is associated with negative skeletal effects, with only rare exceptions. Studies of sex steroids and gonadal function in men have been much less common, and have focused primarily on androgens. Although weak correlations between androgens and bone density have been reported (11) , others have failed to confirm this observation (12, 13) . Similarly, there have been conflicting reports regarding the value of testosterone treatment of men without clinically evident hypogonadism. A nonrandomized study of testosterone injections in eugonadal men with osteoporotic fractures found improvements in spine but not hip density (14) , whereas a clinical trial of transdermal testosterone failed to find improvements (15) . Estrogens in men have rarely been studied with respect to bone density. Recently it was reported that a young adult male with a genetically defective estrogen receptor had severe osteopenia despite continuing longitudinal growth to a height of greater than 2 m (16), reflecting on several previously unrecognized aspects of the importance of estrogen in the male skeleton. The data from this case report suggest that estrogens play a role in the closure of the epiphyses in male as well as female adolescents, and that the development of normal peak bone mass in men may also depend in part on estrogens. The study described below was designed to address questions regarding the importance of both estrogens and androgens in bone density in healthy older men.
Methods
Overview. Healthy older, nonsmoking men were studied prospectively over a period of 1-4 yr to determine the associations among sex steroids, and between sex steroids and bone density.
Subjects. 93 healthy men over age 55 were recruited from several sources, including the spouses of women enrolled in our prospective studies of bone mass and sex steroids (17), and respondents to newspaper advertisements and other public notices. All participants provided informed consent, and all procedures were approved by the Indiana University Institutional Review Board. Men were excluded if they had any medical conditions which might affect bone density (e.g., hypogonadism, thyroid disease) or were taking any medications known to affect the skeleton (including corticosteroids, thyroid hormones, estrogens or androgens, treatments for prostatic disease; diuretics were permitted). Six were smokers. They had lower bone density than the nonsmokers, but due to the small sample these men are excluded from further analyses and discussion.
Bone mass measurements. All measurements were made at ‫ف‬ 6-mo intervals; there was an average of 5.5 measurements per subject over slightly more than 2 yr. The midradius bone mineral density (BMD) 1 was measured by single photon absorptiometry (SPA) (Lunar Corp., Madison, WI), and the lumbar spine (L2-L4) and hip BMDs (femoral neck, trochanter, and Ward's triangle) by dual energy x-ray absorptiometry (DXA) (Lunar Corp.). Short-term in vivo reproducibility has been 1-2% in adults depending on site (1.04% L2-L4 to 1.8% Ward's triangle), and long-term reproducibility (i.e., the coefficient of variation about the slope of repeated measurements within subjects over 3 yr) between 1.4% (radius) and 4% (Ward's triangle).
Each subject's mean BMD over an average of 2.1 yr was calculated. Rates of change in BMD were estimated by least squares regression through each subject's BMD measurements of this same period of follow-up. Only those subjects with three or more measurements were included in the calculation of rates of bone loss. There was significant bone loss from the radius and hip, but not from the spine. However, rates of bone loss were relatively variable over this short period of time. Therefore, for analyses of bone loss subjects were classified into two groups: those who lost at least 1% per year, and the remainder.
Sex steroids measurements. Blood was drawn at each visit (without respect to time of day). Measurements were made of estrone (E1), estradiol (E2), estrone sulfate (E1SO 4 ), testosterone (T), androstenedione (A), free E2 and T, sex hormone binding globulin (SHBG), dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate (DHEAS), and luteinizing and follicle stimulating hormones (17). The percent free T and free E2 were directly measured by centrifugal ultracentrifugation using a modification of the method of Hammond and colleagues as we have described previously (18) . The total free T was then determined by multiplying the measured percent free T times the total T divided by 100. For each subject the mean value of each sex steroid was calculated but, unlike bone mass, rates of change in the sex steroids were not considered. There was an average of 5.1 samples per subject over 2 yr or more. Over the relatively short period of study the biological variability within subjects was too great to obtain stable estimates of rates of change in the sex steroids.
Bone turnover. Measurements of urinary markers of bone turnover were made at each visit. Urinary collagen cross-links (NTX, Ostex International, Inc.) were measured by ELISA on nonfasting, spot samples using a commercially available kit (19) .
Analyses. Variables were examined for distributional characteristics. Most sex steroids were transformed (log, base e) to produce more normal distributions, and correlation and regression analyses were performed on the transformed data. Univariate associations between sex steroids (log-transformed) and BMD were examined with simple correlations. Partial correlations and regression models were used to examine the joint effects of multiple predictors on BMD.
Results
Descriptive data are provided in Table I . Serum estrogen concentrations in these men were similar to women in this same age range (17), whereas androgen concentrations were 30-40 times higher in the men.
The correlations among the sex steroids are shown in Table  II , as well as their correlations with weight and age. Serum concentrations of the estrogens (E1 and E2) were strongly positively correlated with each other ( r ϭ 0.60, P Ͻ 0.001), and E1 was also positively correlated with the androstenedione (reflecting the aromatase-mediated conversion of A to E1), DHEA, and DHEAS (0.33 Ͻ r Ͻ 0.59, all P Ͻ 0.01). E2 was only weakly correlated with other sex steroids. Serum T had a strong positive association with SHBG ( r ϭ 0.65, P Ͻ 0.001), and a negative association with body weight ( r ϭ Ϫ 0.42, P Ͻ 0.001). In regression models containing weight and serum T concentrations, only serum T was a significant predictor of SHBG, accounting for 40% of the variability in its serum concentrations (regression models not shown).
The correlations between mean serum sex steroids and mean BMD and body size over the period of study are shown in Table III. BMD was positively associated with weight, significantly so at the spine and proximal femur sites. Serum E2 concentrations were significantly positively correlated with bone density at all sites (0.21 Ͻ r Ͻ 0.33). This was the only sex steroid significantly positively correlated with bone density. There were negative associations between BMD and T, A, DHEA, and SHBG of varying strengths and statistical significance (Table III), but generally these associations were weaker than the positive estrogen associations. Although there were no correlations between measures of bone size or projected bone area and serum estrogen concentrations, serum testosterone concentrations were negatively correlated with bone size measurements at all skeletal sites. These correlations ranged from r ϭ Ϫ 0.18 (radius width, P ϭ 0.08) to r ϭ Ϫ 0.28 (trochanteric area, P Ͻ 0.01).
To examine the independence of these serum sex steroids and body size as predictors of BMD, two approaches were taken. First, subjects were stratified into those above and be- low the median weight, and then into those above and below the median serum E2 concentration. The results of this analysis for the femoral neck are shown in Fig. 1 . Those men above the median for both weight and E2 ( n ϭ 24) had BMDs 0.14 g/cm 2 (1 SD) higher than those below the median for both of these variables ( n ϭ 23). Similar patterns were seen for all skeletal sites (L2-L4 BMD difference ϭ 0.11 g/cm 2 ; radius BMD difference ϭ 0.05 g/cm 2 ), and in all cases the intermediate (weight/E2) groups had intermediate BMDs. Second, regression models were constructed. Each model included age, weight, E2, and T. These models are shown in Table IV . In models which controlled for the effects of age, weight, and serum T concentration, serum E2 remained significantly positively associated with BMD at all skeletal sites. Serum T concentrations remained negatively associated with BMD at the spine and trochanter in these same models controlling for E2, weight, and age. The substitution of other estrogens (E1, E1SO 4 ) or androgens (A, DHEA, DHEAS) did not improve the models. Similarly, substituting body mass index for weight in the regression models resulted in smaller R-squared values, suggesting a poorer fit. The only significant association with age was positive at the spine, perhaps reflecting an increase in spinal osteoarthritis with age.
To further address the associations of low serum T concentrations with higher BMDs among these men (none of whom had clinical evidence of hypogonadism), we compared the 20% of the study sample with the lowest serum T concentrations to the 80% with higher T concentrations. These men in the bottom 20% of T concentrations had mean serum T of 2.76 ng/ml, and all were below 3.34 ng/ml (upper 80% of the men had serum T concentrations 3.35-8.68 ng/ml). However, de- spite lower total T concentrations, these men had free T concentrations that were slightly, but not significantly, higher than the remainder of the sample, due to having ‫ف‬ 1 SD lower SHBG concentrations (28.9 vs. 47.2 nM/liter, P Ͻ 0.001). They were also significantly heavier than men with higher total T (94.1 vs. 82.8 kg, P ϭ 0.003).
Finally, to address the issue of bone loss, and to explore whether alterations in rates of skeletal remodeling were associated with serum sex steroids or skeletal characteristics, several exploratory analyses were conducted, although the greater noise/signal ratio in rates of bone loss over this relatively short period somewhat limits these analyses. Those men losing femoral neck bone density at Ͼ 1% per year had significantly higher urinary Ca/Cr and NTX/Cr ratios, as well as significantly lower serum E1 and E1SO 4 concentrations (all P Ͻ 0.05). Consistent with the possibility that lower serum estrogens were associated with higher rates of skeletal turnover, the correlations between NTX and serum estrogens were negative (E1, r ϭ Ϫ0.16, 0.05 Ͻ P Ͻ 0.10; E2, r ϭ Ϫ0.25, P Ͻ 0.05). However, despite similar trends at some other skeletal sites, no significant associations with radius or spine bone loss were observed.
Discussion
Estrogen deficiency associated with menopause is the primary cause of the most rapid phase of bone loss in women (17), and long-term estrogen replacement therapy can prevent half or more of the fractures associated with low bone mass (20, 21) . No event similar to menopause occurs in men, yet bone loss and fractures associated with low bone mass among men are well documented, and appear to occur at nearly half the rate observed for women. Clinically significant testosterone deficiency can result in low bone mass and osteoporosis, although this is uncommon and accounts for a small fraction of the osteoporosis seen in men (1) . Testosterone treatment of acquired hypogonadism in men improves BMD while decreasing bone turnover, much as is seen with estrogen replacement therapy in women, as well as increasing muscle and reducing fat mass (22) . The extent to which the skeletal effects of testosterone replacement might be attributed to aromatization of testosterone to estrogen is not known, and therapeutic testosterone may have direct skeletal effects through effects on bone cells (23) . However, given that the improvements in BMD in men treated with testosterone are associated with decreased skeletal turnover, rather than increased bone formation, the data suggest that antiresorptive mechanisms, as are seen with estrogen therapy, play the primary role.
Other hormonal causes of bone loss in men have rarely been explored. One small case control study found that men with spinal crush fractures (n ϭ 27) had higher bone turnover and lower bone mass, as well as 38% lower serum E2 concentrations and 11% higher testosterone concentrations than control subjects (n ϭ 19), but these differences in sex steroids were reported as not statistically significant (24). However, they are consistent with what was observed in this study. The positive associations seen here between E2 and BMD are as strong or stronger than those observed between serum estrogens and BMD in women of similar ages (17). Together with previously published data describing specific genetic mutations affecting serum estrogen concentrations or its availability at the tissue level, i.e., those demonstrating severe osteopenia both in a young man with defective estrogen receptors (16) and in another man with aromatase deficiency (25), these findings suggest that estrogens are involved in either the development or the maintenance (or both) of the male skeleton as they are in the female, and that the estrogen/bone mass associations may differ little between the sexes. Given that aromatase activity is the primary determinant of estrogen concentrations in older men and women, further exploration of the role of aromatase activity in the etiology of low bone mass and osteoporotic fractures is perhaps warranted.
The weak negative associations between the androgens and BMD in healthy men were initially surprising, particularly given the reported positive associations between testosterone concentrations and BMD in pre-and perimenopausal women (17). Even those men with the lowest total testosterone concentrations had somewhat higher BMDs than men with the highest testosterone concentrations. However, all of these findings are also consistent with those of the case control study noted above (24). Several elements probably contribute to this observation. First, there are strong inverse associations between testosterone concentrations and body weight (and a positive association between body weight and BMD); however, adjustments for body weight reduced but did not entirely eliminate the negative association. Second, it is also probable that the strong positive association between serum testosterone and SHBG (r ϭ ϩ0.65) in part accounts for the negative relationship between BMD and testosterone. Men with higher testosterone concentrations have higher concentrations of SHBG which bind not only testosterone but also estrogens, yielding similar or lower concentrations of free sex steroids (both estrogens and androgens) than men with lower total testosterone concentrations. Thus, men with higher total testosterone concentrations are thinner and have higher levels of SHBG, with lower concentrations of free sex steroids, and may, as a result of this combination of factors, have somewhat lower BMDs. In postmenopausal women similar processes contribute to lower BMDs. High concentrations of SHBG and low body weight are associated with low bone mass (17). The correlations between SHBG and BMD in women studied in our center ranged between Ϫ0.27 (radius) and Ϫ0.42 (femoral neck); whereas in men followed over a similar period of time these correlations were between ϩ0.08 and Ϫ0.17. Our analyses of free and non-SHBG bound sex steroids did not, however, yield stronger associations with BMD than those noted for total estrogens or androgens. This may be due in part to the greater difficulty in direct measurements of free sex steroids. The total proportion of the variance in BMD accounted for by sex steroids is also similar in men and women, although in women SHBG showed the strongest associations whereas in men serum E2 was a better predictor of BMD. The direct mechanism by which estrogens affect BMD in men is not clear. In women the perimenopausal declines in estrogen are accompanied by increased rates of skeletal remodeling which results in bone loss due to the inability of osteoblasts to fully restore the bone removed by osteoclasts during the resorption phase of skeletal remodeling. Moreover, women with identifiable estrogen deficiencies during growth, e.g., those with anorexia nervosa or activity-induced amenorrhea, have less skeletal mass than do women without these conditions. This study addressed bone loss only in a preliminary manner because of the relatively short period of follow-up of these subjects. There were relatively weak data supporting higher skeletal turnover among men with lower serum estrogen concentrations, and somewhat higher concentrations of turnover markers in those men losing bone more rapidly from the hip. However, longer follow-up will be required to confirm these observations. Men with spinal crush fractures have also been shown to have significantly higher serum concentrations of markers of skeletal remodeling (osteocalcin) (22) , and it is possible that this mechanism, which is clearly central to the development of low bone mass in women, is also involved in the development of low bone mass in men. Further study of the role of rates of skeletal remodeling in the etiology of low bone mass in men is clearly indicated.
It is also possible that the estrogen effects observed are related to processes which occurred during the development of peak bone mass, which is also affected by rates of skeletal remodeling (26) , or reflect association between estrogen and unmeasured potential confounding influences. Estrogen receptors are present in the bone of both men and women, and it is clear that inadequate exposure to endogenous estrogens in young men can have serious skeletal consequences (16, 25). The recent report of osteopenia and continued longitudinal growth in a young adult male with genetically defective estrogen receptors further suggests a role for estrogens in the male skeleton during growth (16). Similarly, the osteopenia and tall stature of a male-female sibling pair with a genetic aromatase deficiency, resulting in very low estrogen concentrations during growth, further support the importance of estrogen in the development of both the male and the female skeletons (25).
Finally, these data and the development of new estrogenlike therapeutic agents raise the possibility of expanding the treatment options for men with low bone mass and osteoporotic fractures. Although high dose estrogen therapy (2.5 and 5 mg conjugated equine estrogen per day) for men with previous myocardial infarctions has been attempted, the expected cardiovascular benefits were not observed and the clinical trial was terminated early because of the strong probability that significant estrogen benefits would not be observed should the trial continue on to its originally planned termination (27) . However, it is possible that lower doses of estrogen or the use of selective estrogen receptor modulators may result in both skeletal and other benefits for men at high risk of osteoporotic fractures without adverse consequences.
